Back pain is a cause of significant morbidity in all Western industrialized societies. 42, 43 It is estimated that up to 80% of the population in these societies will experience some form of back pain over their lifetime, with approximately 10% of sufferers becoming chronically disabled. [42] [43] [44] Not only does this result in a significant amount of physical and emotional distress for patients and their families, but it is also an enormous economic burden. The societal costs for medical treatment, lost time from work, and disability benefits are on the order of $30 billion annually in the US alone, 2,23 and £12 billion per year in the United Kingdom.
tomatic relief and may actually accelerate the same degenerative process at adjacent levels. Thus, degeneration of the IVD is currently regarded as an irreversible phenomenon with no effective treatment. Nevertheless, recent advancements in the understanding of tissue repair mechanisms and stem cell biology have led to the identification of novel tissue engineering-based treatment strategies to regenerate or repopulate the diseased IVD with stem cells. 8, 11, 13, 18, [31] [32] [33] [34] [35] In this paper we comment on the ability of MSCs to slow or reverse the degenerative process, on potential obstacles to stem cell survival and proliferation within the degenerating disc, and we conclude with future directions for research aimed at overcoming these barriers.
Molecular Aspects of IVD Degeneration
Alterations in Disc Collagen Content. Collagen content, including the relative amounts of various collagen subtypes, is crucial to proper disc function. 9 Young, healthy discs exhibit active matrix formation and turnover of Type II collagen, whereas aging discs demonstrate decreased matrix production and Type II collagen denaturation. 3 Degenerating discs are marked by decreased Type II procollagen formation, increased Type II collagen denaturation, and Type I collagen synthesis. Degenerating discs also demon-
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The potential role of mesenchymal stem cell therapy for intervertebral disc degeneration: a critical overview strate a decrease in Type IX and an increase in Type X collagen, which may be a marker of active matrix repair. 1, 28 Free radical-induced modifications (N-[carboxymethyl]lysine) to disc collagen have also been noted within degenerating IVDs, possibly indicating that oxidative stresses play an active role in the degenerative process. 28 Alterations in Disc Proteoglycan and Water Content. Degenerating discs possess a relative increase in decorin and biglycan and a relative decrease in the 4-sulfated chondroitin sulfate component of large proteoglycans. 19 An increase in fibromodulin has been documented by immunoblot analysis of degenerating discs. 41 Because there is a close interplay between proteoglycans and collagens of the disc ECM (fibromodulin, decorin, and lumican bind to Type I and Type II collagen, for example), 15, 16 changes in the content and function of one of these molecules can cause dramatic alterations in the other.
Degradation of the ECM
Liu, et al., 21 found that pro-MMP-3 (also known as prostromelysin), which is secreted by cultured human discs, may contribute to age-related changes when activated within the disc ECM. Other proteolytic enzymes, including cathepsins, have been implicated in age-related changes to the disc and vertebral endplate.
4,27
Rationale for Cell-Based Approaches to Restore the IVD Currently, both nonsurgical and surgical therapies for degenerative disc disease target only symptomatic relief without addressing the underlying degenerative process. The concept of biological disc repair has grown in recent years because of improved understanding of the cellular and molecular events involved in disc aging and degeneration. 10 Realization that disc degeneration is a cell-driven process has raised the possibility of manipulating cellular content and behavior toward a beneficial outcome. Such manipulation is necessary because the IVD has a limited vascularity and capacity for self-repair.
One approach is to signal existing disc cells in situ to secrete increased quantities of proteoglycan in attempts to increase swelling pressure. Growth factors TGF␤, osteogenic protein-1, fibroblast growth factor, growth and differentiation factor-5, or bone morphogenetic protein-2, among others, have either been injected directly 46 or their production in disc cells has been stimulated with gene therapy. 29 Although promising results have been reported after use of these techniques, the relative acellularity of degenerated discs in humans raises concerns that the patient's own disc cells may be present in insufficient numbers to mount a therapeutic repair response. Therefore, the introduction of cells capable of surviving within the IVD and producing appropriate matrix is an important component of bioengineered regeneration.
Cell therapy seeks to restore a critical population of disc cells that will synthesize appropriate matrix in attempts to recover biomechanical properties. This approach was first attempted by performing transplantation of autologous NP tissue into denucleated rat discs, where it was shown to slow the progression of degeneration. 30 More recently, autologous disc cell implantation was proven to be technically feasible in sand rats, an animal model of age-related spontaneous degeneration.
14 This later study demonstrated the isolation and in vitro expansion of anular cells, their incorporation into a collagen carrier, and their reinsertion into adjacent discs in the same animals. Nevertheless, the effect of implanted cells on the degenerated state was not evaluated.
A commonality in each of these approaches is the use of disc chondrocytes as the cell type for regeneration. Ultimately, however, this cell source has practical limitations in the clinical setting because of graft procurement and harvest site morbidity. For example, harvesting the patient's own cells requires damage to an adjacent disc, likely inducing degeneration in that level. Also, the relative acellularity of disc tissue will require culture expansion, which is a slow process for disc cells. Furthermore, the cells acquired from one level to treat another will be approximately the same age and potentially limited as to the extent to which they may develop a therapeutic repair response. By contrast, adult MSCs are easily procured by bone marrow aspiration, readily expanded in culture, and may be more capable of adapting successfully to the environment of the IVD, and therefore of achieving a differentiated state appropriate for long-term matrix synthesis.
Use of MSCs to Regenerate the NP
The MSCs, or human bone marrow stromal stem cells, are nonhematopoietic bone marrow-derived pluripotent progenitor cells with the ability to generate cartilage, bone, muscle, tendon, ligament, and fat (Fig. 1) . 32 These cells exist postnatally, are uncommitted precursor cells, and have extensive renewal potential. They are identified by cell surface markers such as CD44, CD71, and CD166, but do not express hematopoietic lineage markers. 6, 33 They are also characterized by a particular pattern of cytokine production, including IL-6, IL-7, IL-8, IL-11, IL-12, and granulocyte colony-stimulating factor. 24 The use of MSCs to restore the IVD eliminates the drawbacks associated with the use of autogenous disc cells, including limited supply, donor site morbidity, and limited regenerative capacity. Mesenchymal stem cells have indeed been shown to be capable of restoring damaged disc tissue in animal models. 34 The differentiation of MSCs is governed largely by their surrounding environment. In vitro conditions that promote differentiation into a chondrogenic phenotype depend first on the presence of specific growth factors, and second on a 3D construct of cells to promote cell-cell interactions (Fig. 2) .
Differentiation of MSCs Into NP-Like Cells
It is known that MSCs can differentiate into chondrocyte-like cells within the proper environment. 45 Because NP cells and chondrocytes have many common features, it is reasonable to assume that MSCs also give rise to NP cells in an environment similar to the IVD (that is, in conditions of low oxygen tension and high stress). In a recent in vitro study, Risbud, et al., 32 analyzed the ability of rat MSCs to differentiate into NP-like cells. Results from this study demonstrated that in the presence of hypoxia and TGF␤ 1 , cultured MSCs express a phenotype consistent with NP cells via mitogen-activated protein kinase signaling pathways. Hypoxia caused an upregulation of matrix metalloproteinase-2, Types II and IX collagen, and aggrecan expression, whereas TGF-␤ treatment increased collagen Type II and aggrecan gene expression. Moreover, these cells were demonstrated to be biosynthetically active by Alcian blue staining of the ECM. The authors concluded that MSC can be driven (by hypoxia in the presence of TGF-␤) to commit to a lineage of NP-like cells that can potentially be used to repopulate the degenerating IVD.
The role of hypoxia in maintaining the NP cell phenotype has also been documented by others. 33, 36 Steck, et al., 39 studied MSCs derived from human bone marrow samples. In this study they found that, in the presence of TGF␤ 3 , dexamethasone, and ascorbate, MSC derived from bone marrow differentiated in spheroid culture toward a chondrogenic lineage. After TGF␤-mediated differentiation, MSC spheroids were positive for collagen Type II, aggrecan, decorin, and fibromodulin at levels closer to those found in IVD tissue than to hyaline articular cartilage. The authors concluded that human bone marrow-derived MSC can be committed to adopt a gene expression profile more similar to IVD tissue than to native joint cartilage. It seems apparent, therefore, that TGF-␤ and low oxygen tension are crucial elements in driving MSC to differentiate into NPlike cells.
Use of 3D Scaffolds for MSC Culture
The suitability of cultured MSCs for use in tissue engineering of the IVD depends not only on their commitment to an NP lineage, but also on their 3D organization with an NP-like phenotype. Similar to articular chondrocytes, a 3D culture environment (for example, micromass or alginate gel as opposed to monolayer culture) is necessary to maintain the disc cell phenotype in vitro. The pellet system is the one most commonly used to produce cells similar to chondrocyte condensations in vivo. Disc cells grown in monolayer assume a fibroblast-like phenotype. 13 In a 3D environment, however, disc cells become rounded, form colonies, and exhibit greater proliferation and proteoglycan synthesis (Fig. 3) . 12, 13 Various in vitro culture techniques, including complex 3D gels 7, 26, 32 and degradable polymer scaffolds 17 have been developed with the goal of providing a sustainable frame on which MSC can proliferate. Hyaluronic acid, collagen, and chitosan have been used as scaffold materials to provide immobilization of MSC in a 3D framework that maintains their NP-like phenotype. 31, 40 Chitosan gel and fibrin glue have been used in cross-linkable polymeric preparations to entrap cells. 37 These 3D in vitro culture techniques allow for stable cell anchorage and permit independent production of intercellular matrix, cytokines, and bioactive molecules. 33 
Survival and Function of MSCs in the IVD
Studies of the viability of MSCs after injection into the IVD have shed light on the feasibility of repopulating the degenerative NP with cells committed to the NP phenotype.
In an in vivo model, Crevensten, et al., 8 found an initial decrease in numbers of MSCs labeled with fluorescence 14 days after injection into rat coccygeal discs. Twenty-eight days postinjection, however, cell counts returned to the ini-
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Mesenchymal stem cell therapy for intervertebral disc degeneration tial number of injected cells, with 100% viability. These authors also observed a trend of increased disc height compared with the control group, suggesting an increase in matrix synthesis. The authors concluded that MSC can maintain viability and proliferate within the rat IVD.
Zhang, et al., 48 injected MSCs into rabbit IVDs to study their in vivo synthetic function. Transplanted MSCs were identified within the discs at 1, 3, and 6 months after injection. Reverse transcription-polymerase chain reaction and enzyme-linked immunosorbent assays were used to quantify MSC products. These authors found that the amount of proteoglycan and Type II collagen messenger RNA and protein were significantly increased in rabbit discs injected with MSCs compared with control discs.
Sakai, et al., 34 induced premature disc degeneration in New Zealand white rabbits after aspiration of the NP. Injured discs transplanted with MSCs showed restoration of disc space, with persistence or reappearance of the NP. These phenomena were not observed in the control group.
Moreover, proteoglycan synthesis in discs transplanted with MSC was similar to that in normal, uninjured discs. The authors postulated that regeneration of the IVD after MSC transplantation may be due to differentiation into NP cells or promoting regeneration in residual native NP cells. In any case, these in vitro and in vivo studies have shown that MSCs are capable of surviving and proliferating within the IVD and can potentially restore its normal structure and function.
Activation of NP Cells by MSCs
In addition to repopulating the IVD by differentiating into NP-like cells, MSCs may also prove effective in activating native NP cells to increase production of ECM, thus restoring disc height, swelling pressure, and normal biomechanical properties. Yamamoto, et al., 47 found that cell proliferation, DNA synthesis, and proteoglycan production were significantly increased in NP cells cocultured with MSCs and grown with direct cell-to-cell contact. An increase in the expression of various growth factors known to activate the biochemical properties of the NP was also observed. Thus, activation and reimplantation of NP cells obtained during discectomy, for example, and then cocultured with MSC may be a useful source of native cells to restore the degenerated IVD.
Limitations and Future Directions
Transplantation of MSCs to humans has been effective for tissues such as cartilage and myocardium. 38, 45 Although MSCs are easily procured by bone marrow aspiration and hold significant potential to repopulate the degenerated NP, it is unclear whether endplate permeability in degenerated discs is sufficient to support increases in cell density and metabolism (because poor nutrition may have led to the degeneration in the first place). Furthermore, low pH, oxidative stresses, and inflammatory mediators present within the degenerated IVD may alter the behavioral and synthetic properties of transplanted MSCs. Thus, research focused on revealing the relationship between vertebral endplate permeability, disc nutrition, and disc cell health is central to understanding the feasibility of MSC regeneration of the IVD. Last, the biomechanical properties of the degenerated IVD, including distribution of mechanical loads and hydro- static pressures, might alter the properties of transplanted MSCs or prevent them from fully differentiating into functional, disc-like cells. Moreover, the properties of the carrier medium may be altered in the biomechanical environment of the degenerated IVD. Current research is focused on determining whether MSCs can be made to maintain a disc-like phenotype under such conditions. The results of these investigations will serve as guides for tissue engineering approaches to disc repair and will help establish whether disc repair strategies in humans will ultimately be limited by inherent nutritional deficiencies and alterations in biomechanical properties caused by pathological conditions in the endplate.
Future studies are required to determine the following: 1) the optimal cell type and pH level for transplantation; 2) the type of carrier medium for transplantation; 3) the behavior of MSCs in vivo; and 4) factors that may induce MSCs to differentiate into either NP-like cells or anular cells. Ultimately, human trials will be necessary to determine the safety, feasibility, and ultimate efficacy (both radiographically and clinically confirmed; that is, pain relief) of MSC transplantation.
CONCLUSIONS
Currently available modalities for the treatment of IVD degeneration aim only at alleviating symptoms of back pain, radiculopathy, and/or myelopathy, and fail to address the underlying disease process. Advancements in understanding the cellular basis of IVD degeneration and stem cell biology have led to significant progress in the field of tissue engineering to repair, reverse, or regenerate diseased tissue. As uncommitted precursor cells, MSCs have the potential to differentiate into NP-like cells with the ability to proliferate and repopulate the degenerated IVD directly, activate native NP cells, or deliver gene products of interest. Research is required to determine the optimal cell type and growth conditions for transplantation. Moreover, the behavior of MSCs in the in vivo environment of the degenerated disc has yet to be determined. The feasibility of MSC regeneration of the IVD depends on answering these questions. Although it is currently unavailable, MSC therapy to regenerate the IVD may prove to be an effective treatment strategy for patients with back pain related to degenerative disc disease. By addressing the underlying cellular abnormalities leading to degeneration of the IVD, MSC therapy may allow patients with back pain to avoid extensive and morbidity-producing fusion procedures, permitting an earlier return to normal function and productivity, and leading to significant economic savings to society in general.
